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Abstract 
Modern high speed printing machines are able to print up to 700 m/min. At this rate, little excita-
tions lead to vibrations, which may lead to loss of contact between the rollers (bouncing). This 
bouncing results in white stripes, being visible on the printed image. To enable the simulation of 
the whole printing process, including effects like bouncing, a discrete multibody model is devel-
oped. The rollers are modeled by several rigid bodies. These bodies are connected to each other 
by rotational springs, which allow simulation of the first bending eigenmodes of each roller. The 
contact area between the rollers is modeled by several nonlinear translational springs and damp-
ing elements. These elements change their stiffness and damping values depending on the dis-
tance between the rollers. If a defined distance is exceeded, the values become zero, which 
represents the loss of contact (bouncing). The unknown spring and damping elements of this 
model are parametrized with help of an experimental modal analysis. This paper presents the de-
velopment of a flexible multibody model to simulate nonlinear effects in printing process. 
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1. Introduction 
Numerical methods are common tools for the machine design process and can be used for verification during the 
development phase. Furthermore, numerical methods are able to provide the operation state of a machine during 
the production process. Thus, they are an alternative to the construction of test rigs. This helps saving time and 
reducing development costs. Moreover, numerical methods allow detecting non-measurable physical quantities 
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like force flux in the guide system.  
The main numerical methods are the Finite Element Method (FEM) and the multibody simulation (MBS). 
Further descriptions of the FEM are shown in [1]-[3]. The MBS is depicted among others in [4] [5].  
The FEM considers very small shifts due to e.g. thermal effects or the compliance of an elastic body under 
load. Since the connection points between two bodies cannot be changed or moved during the simulation, larger 
axis movements cannot be considered. The MBS, however, considers a machine as a system consisting of sever-
al rigid bodies. These rigid bodies are coupled to each other by ideal bearings or guide elements. That way large 
axis movements can be simulated, neglecting the deformations of the bodies.  
If the simulation of the deformation of the bodies and large axis movement is necessary at the same time, the 
coupling of FEM and MBS models is required. The simulation model is then called “flexible multibody model”. 
A typical application in the literature is the simulation of high-speed milling machines. Using lightweight mate-
rials for moving parts, combined with rigid machine frame, high velocities and accelerations can be reached. But 
this construction leads to an increased susceptibility to vibrations and thereby high demands on the design and 
control at the same time. By coupling FEM and MBS models the interactions between the machine structure, 
drive system and control can be investigated and an optimal design and control can be derived to reduce vibra-
tions [6].  
Common approaches on the coupling of FEM and MBS models require high computing power. Within this 
paper, an alternative approach using discrete multibody models is presented. With this approach, the simulation 
results are provided in significantly less simulation time. Here, a color unit of a flexographic printing machine is 
modeled.  
Modern high speed printing machines are able to print up to 700 m/min. At this rate, little excitations lead to 
vibrations which may lead to loss of contact between the rollers (bouncing). This bouncing results in white 
stripes, being visible on the printed image. To enable the simulation of the whole printing process, including ef-
fects like bouncing, a discrete multibody model is developed. The rollers are modeled by several rigid bodies. 
These bodies are connected to each other by rotational springs, which allow simulation of the first bending ei-
genmodes of each roller. The contact area between the rollers is modeled by several nonlinear translational 
springs and damping elements. These elements change their stiffness and damping values depending on the dis-
tance between the rollers. If a defined distance is exceeded, the values become zero which represents the loss of 
contact (bouncing). The unknown spring and damping elements of this model are parametrized with help of an 
experimental modal analysis. 
An overview about ongoing research work is given in [6] [7]. The most common approach to couple FEM and 
MBS models is the Craig Bampton method [8]. That method is based on the motion equations of a system in 
state space representation and is used to reduce the complexity of a mathematical model of a flexible body. 
Therefore, the degrees of freedom (DOF) of the flexible body are divided into interior and boundary DOF. The 
interior DOF can be reduced by modal transformation, it represents the inner behavior of the body. The boun-
dary DOF represents the nodes which are either coupled with other bodies or influenced by outer forces. The 
inner behavior is then approximated with a modally reduced system superposed with the rigid body behavior 
caused by forces acting on the outer degrees of freedom. Referred to the production technology, the Craig 
Bampton approach has been used amongst others by [9] [10]. The disadvantage of Craig Bampton is the need to 
define the geometrical position of the boundary nodes [11].  
A number of research has been dealt with the extension of the Craig Bampton method for use in translational 
axes. Hoffmann, Zaeh and Siedl utilized the flexible multibody simulation to compute translational movements. 
Hoffmann used multi-objective optimization tools to identify the dynamic model parameters of different ma-
chine components, e.g. linear guides, ball screw drives, etc. [12]. Zaeh and Siedl developed an approach to ena-
ble a simulation of moveable contacts and a moveable application of forces between two flexible bodies [14] 
[13]. As the challenge of moving interfaces or contacts remains, in this method only bodies without moving 
contacts are reduced. Bodies with linear guides are still simulated with FEM with a large number of nodes.  
Publications on discrete multibody simulations (DMBS), which allow shifting contact conditions and reduc-
ing simulation time, are rare. Tores developed a DMBS of a placement machine to investigate the vibration be-
havior [15]. The design of that machine can be described as a clamped beam, which is moved by a highly dy-
namic linear motor. That beam is modeled by three rigid bodies connected to each other by translational springs 
and dampers. The stiffness and damping values are determined by an experimental modal analysis. Based on 
Tores work, Hackelöer modeled the z-slide of a magnetically guided machine tool [16]. The z-slide is also di-
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vided into three rigid bodies. Unlike Tores, Hackelöer connected the rigid bodies to each other by rotational 
springs and dampers which allow the simulation of the first bending and torsion eigenmodes. Denkena used the 
DMBS to simulate the dynamic behavior of a laser cutting machine [17]. A DMBS model allows detecting the 
deformation of the z-slide at high acceleration with low computing time. That DMBS is the basis for an error 
compensation during the laser cutting process. With that method the positioning error has been reduced by 90%. 
In [18], the bridge of a portal milling machine is modeled by four rigid bodies, connected to each other by rota-
tional springs. That model allows to simulate the deflection of the bridge as well as the interactions between the 
driving systems and the mechanical structure of that machine type. The color unit of a printing machine has not 
been modeled by DMBS, yet. 
2. Modeling of a Color Unit 
2.1. Multibody Model 
The investigations in this paper are related to an exemplary chosen printing machine from the company Bobst 
Bielefeld. That machine has eight color units as shown in Figure 1. 
The printing film is guided over the central impression (CI) through the color units. The colors, which are ap-
plied from the individual color units to the printing film, are mixed on the printing film, so that the desired print 
image appears. A color unit consists of two rollers (press cylinder and anilox roll), their dimension is given in 
Table 1. The press cylinder carries the negative of the image to be printed (sleeve). The anilox roll transports the 
ink from the ink pan to the sleeve. Within the contact area between anilox roll and sleeve, the sleeve is colored. 
Between sleeve and CI, the printing film is colored with the design related to the negative. The surface of the 
sleeve is uneven, depending on the printing image. The uneven surface excites vibrations during the printing 
process. Very unfavorable images generate strong vibrations, which result in a contact loss between the rollers. 
To enable the simulation of bouncing a discrete multibody model (DMBS) is developed. Figure 2 shows the 
DMBS of one color unit. 
The excitation force impulse Fex acts between aniloxroll and press cylinder in the x-direction. Press cylinder 
and CI are considered contactless. The simulation model is realized with the software tool Matlab/SimMechan- 
ics from Mathworks. Each press cylinder and anilox roll consists of four identical main rigid bodies and one 
smaller rigid body clamped in the bearing support. The mass and inertia values of the rigid bodies have been de-
termined using the CAD software Pro/E by severance of the rollers into five parts. The geometrical dimensions 
are taken from the CAD model as well. To be able to simulate bending of the rollers, the rigid bodies are con-
nected to each other by rotational springs (cφ,P and cφ,A) and dampers (dφ,P and dφ,A). Despite the compliance of  
 
Table 1. Dimension of the machine parts.                                                                                
 Length [mm] Diameter [mm] 
Anilox roll 1950 170 
Press cylinder 2000 120 
 
 
Figure 1. Printing and color unit of a flexographic printing machine.                                                                                           
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Figure 2. Multibody model of a color unit.                                                                                           
 
the rollers, the bearings have a huge influence on the dynamic behavior, which is modeled by translational 
springs (cB) and dampers (dB) between the end of each roller and the fixed support. Furthermore, tilting between 
rollers and bearings has been considered by additional torsional springs (cφ,B) and dampers (dφ,B). The contact 
area between anilox roll and press cylinder has been modeled by nonlinear springs (cc) and dampers (dc), which 
is necessary because the contact stiffness depends on the distance between the two rollers and changes in case of 
vibrations.  
2.2. Parametrization of the Model 
The parametrization of all spring and damper elements bases upon a number of dynamical measurements, which 
is described in the following. To carry out the measurements the modal analysis system LMS including Test. 
Lab 11a-Software, an impulse hammer with the integrated force sensor PCB 86C03, and a number of triaxiale 
acceleration sensors PCB 356A16 is used. The parametrization has been done in three steps. The first step is the 
parametrization of the rotational springs (cφ,P and cφ,A) and dampers (dφ,P and dφ,A) of the rollers. Therefore, both 
rollers have been hung up using very soft springs and acceleration sensors are placed on the surface (Figure 
3(a)). 
Rigid-body vibrations resulting from the soft springs are neglected, because the eigenfrequency is expected to 
be in a range that is not detectable by the acceleration sensors. The roller is excited in its center by a force im-
pulse using the impulse hammer. Since the force impulse as well as the acceleration response is measured at the 
same time, the frequency response functions (FRFs) from the excitation point to each measurement point can be 
calculated. 
Additionally to the measurement setup, the DMBS model is developed (Figure 3(b)). For each position of the 
measurement points a virtual triaxiale acceleration sensor is placed within the model. The model is excited in its 
center with the identical force impulse and direction as during the measurement and the resulting FRFs are cal-
culated. Using genetic algorithm [19] the rotational stiffness and damping parameters (cφ,P and dφ,P) are deter-
mined. Therefore, the parameters were varied systematically and the simulated and measured FRFs have been 
compared. The fitness function of the optimization algorithm is the error between measured and simulated FRF 
related to the measurement point in the center of the roll (drive point FRF). The FRFs of the other measurement 
points are used to verify the optimization result. The mass values (mP1-mP5) and the inertia values of the inner 
rigid bodies (IP2 and IP3) have been taken from the CAD model. The inertia values of the outer rigid bodies (IP1  
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Figure 3. Measurement setup and multibody model of the press cylinder.                                              
 
and IP4) have been changed through the optimization by about 15%. With the DMBS model the FRFs as well as 
the first and second bending eigenmodes can be simulated.  
2.3. Simulation Results 
Figure 4 shows the results of the press cylinder. Figure 4(a) shows that the simulated and measured drive point 
FRF fit very well in the area of the eigenfrequencies. The antiresonances however are not simulated with the 
presented model. This is due to the low resolution by using only four bodies. However, the absolute error in the 
area of the antiresonances is very small and thus negligible (It only seems high because the figure is in logarith-
mic representation). The important parts of the FRFs are the eigenfrequencies, which matches very well. 
To verify the model with the other measurement points, Figure 4(b) depicts the first and second bending ei-
genmodes. The blue bars show the measured vibration amplitude related to the first (173 Hz) and second (433 
Hz) eigenfrequency. The red line shows the simulated eigenmodes. Clearly visible are the inharmonious transi-
tions between the rigid bodies, which could be smoothed by using a higher number of rigid bodies. Nevertheless, 
the comparison of the simulated and measured eigenmodes shows that the presented approach is well suited to 
simulate the vibration behavior. According to the press cylinder the anilox roll has been simulated and parame-
trized. The results, presented in Figure 5 show a high correlation between measurement and simulation as well. 
Figure 4 and Figure 5 refer to the horizontal direction (x-direction). The vertical direction (z-direction) 
shows very similar results since the rollers are rotationally symmetric bodies. 
The second step is the parametrization of the bearings. Therefore, the model is extended by translational 
springs and dampers (cB and dB) as well as rotational springs and dampers (cφB and dφB) at the end of the roller, 
shown in Figure 6. 
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Figure 4. Simulated and measured FRF and eigenmodes of the press cylinder.                                              
 
 
Figure 5. Simulated and measured FRF and eigenmodes of the anilox roll.                                              
 
 
Figure 6. Multibody model of the press cylinder installed in the printing machine.                                              
 
Additionally to the simulation model, the actual roller is installed within the printing machine. According to 
step one, the acceleration sensors are placed on the surface of the roller while the roller is excited in its center 
using the impulse hammer. The stiffness and damping values of the roller (cφP and dφP) as well as all mass and 
inertia values are adopted from step one. The values of the bearing (cφB, dφB, cB, and dB) are determined by the 
genetic optimization algorithm according to step one. Figure 7 shows the results for the press cylinder. The re-
sults of the anilox roll are comparable. 
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Figure 7. Simulated and measured FRF and eigenmodes of the installed press cylinder.                                              
 
Since the bearing in the actual machine is not rotationally symmetric, the x-, and z-directions are investigated 
separately. Figure 7(a) shows the simulated and measured drive point FRF in two directions. Figure 7(b) de-
picts the simulated and measured eigenmodes. Simulation and measurement results match very well.  
The third step is the parametrization of the rollers in contact. Therefore, the rollers installed in the actual ma-
chine are driven in contact with an overlap of 50 µm, which is a typical situation during the print process. The 
simulation is extended by nonlinear springs (cc) and dampers (dc) between the rollers. The stiffness and damping 
values are described by a third order nonlinear function. 
2 3
1 2 3F a x a x a x= ∆ + ∆ + ∆ ,                                   (1) 
while the spring force F depends on the distance between the two rollers ∆x. The three unknown parameters a1, 
a2, and a3 are determined using the genetic algorithm. Therefore, each roller is excited in its center according to 
step one and step two. The result of this parameter study is that the parameters a2 and a3 are nearly zero and only 
the parameter a1 is changed by the optimization algorithm. Thus, it is enough to consider the contact stiffness as 
linear springs. The spring constant cc is then equal to a1. A further result is that an optimal spring constant can-
not be found with the chosen boundary conditions, because the contact of the rollers also influences the stiffness 
of the bearings, which is explained in Figure 8. Figure 8(a) shows the drive point FRFs of the press cylinder 
and the anilox roll with and without contact. 
The eigenfrequency of the press cylinder is 103 Hz, while the eigenfrequency of the anilox roll is 133 Hz. The 
difference between these values can be explained with the solid construction of the anilox roll. After moving 
both rollers into contact with an overlapping of 50 µm they can be considered as one single body with only one 
eigenfrequency, as explained in Figure 8(b). This eigenfrequency is 138 Hz. This is remarkable, because if the 
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other stiffness values of the machine remain constant, the eigenfrequency of the rollers in contact is expected to 
be between the eigenfrequencies of the press cylinder (103 Hz) and anilox roll (133 Hz) without contact. Since 
the new eigenfrequency is higher than both values, another value of the machine must have changed due to the 
contact situation. It is assumed, that the bearing stiffness (cB) is increased after driving the rollers in contact. 
Without contact there is a bearing clearance. Due to the contact situation with an overlapping there is a force 
flux through the bearings which preloads the bearings and that way increases the stiffness. To consider this ef-
fect in the DMBS, the bearing stiffness of the simulation model has been increased by 50%. That way the simu-
lation model and measurement match well, as shown in Figure 9. 
3. Conclusion 
In this paper, a new approach on flexible multibody simulation is presented. This approach is based on a discrete 
multibody modeling. The compliance of one body is modeled by dividing the body into a plurality of rigid bodies,  
 
 
(a)                                                   (b) 
Figure 8. Drive point FRF with and without contact.                                                                                           
 
 
Figure 9. Frequency response with additional contact damping.                                                                
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connected to each other by compliant elements like springs. That way, deformations under load can be simulated 
with less computation power required than using an FEM model. The parametrization of the springs is per-
formed by comparing the model with an experimental modal analysis. With the application in this paper (a color 
unit of a flexographic printing machine), it has been proven that this method allows simulating relevant bending 
mode shapes and contact conditions very well. The benefits are very low computing power compared to other 
methods of flexible multibody modeling. A further advantage is that non-linear effects (e.g. bearing clearance, 
loss of contact) can be implemented easily and that the contact points can be changed during the simulation. 
This makes it possible to simulate e.g. linear guides. Because of the little computing time, it is also possible to 
implement such models in a machine control system and to support the manufacturing process in real time. Thus, 
non-measurable values like process forces, for instance, can be predicted by the simulation model and used for 
the control system. 
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